Introduction {#s1}
============

Coronavirus disease 2019 (COVID-19) has been pandemic in the world.[@ERHM-20-23-b1]--[@ERHM-20-23-b4] It has now affected more than 560,000 Americans.[@ERHM-20-23-b3],[@ERHM-20-23-b5] Several attempts were successfully made to model COVID-19 daily incidence in China.[@ERHM-20-23-b1],[@ERHM-20-23-b6] However, the trends of daily incidence and deaths of COVID-19 in the USA are still poorly understood. Recently, internet search-interest was found to be correlated with daily incidence of COVID-19 in China, with the lag time of 8 to 10 days.[@ERHM-20-23-b7] Google search-interest was also used to track or model COVID-19 trends in Europe, Iran, and Taiwan.[@ERHM-20-23-b8]--[@ERHM-20-23-b10] Indeed, internet search-interest has been used for modelling and detecting influenza epidemics in the USA and Australia.[@ERHM-20-23-b11],[@ERHM-20-23-b12] We, therefore, aimed to examine the association of search-interest with daily incidence/new cases and deaths of COVID-19 in the USA, using population-based data and a semiparametric model.

Methods {#s2}
=======

The data of daily new cases and new deaths of COVID-19 in the USA were extracted from the 1-point-3-acres.com[@ERHM-20-23-b5] and the Johns Hopkins COVID-19 data repository[@ERHM-20-23-b3] on April 9, 2020, respectively, for modelling. We later obtained additional data from these sites to evaluate our models' accuracies using Pearson's correlation coefficients. We used a semiparametric model, including prediction of the daily new-case or new-death value based on a given Google Trends search-interest using Pearson's correlation (the parametric component), as well as assigning such a predicted value to the corresponding date of the given Google Trends search interest. Owing to no finite dimensionality of Google Trends search-interest versus time, the second component thus is non-parametric.

Data from the World Health Organization (WHO) Situation Reports appeared significantly inconsistent, and thus were not used.[@ERHM-20-23-b13] According to the 1-point-3-acres.com website, their data were extracted from various media and government websites, have been manually verified,[@ERHM-20-23-b5] and have been used by various parties, including Johns Hopkins COVID-19 data repository, WHO, and many others. Due to the use of publicly available, de-identified data and lack of protected health information, the study is exempted from requiring an Institutional Review Board approval (Category 4).

We used the Google Trends function to extract the data of search-interest with the search period of March 1 to April 7, 2020 and COVID-19-related search terms. Based on the COVID-19 symptoms, common terms for COVID-19 and common diseases in the USA, we chose the search terms of "COVID-19," "COVID," "coronavirus," "SARS-CoV2," "pneumonia," "high temperature," "cough," "COVID heart," "COVID pneumonia," and "COVID diabetes." Google Trends search-interest represented search interest relative to the highest search-interest for a given time and region.[@ERHM-20-23-b7],[@ERHM-20-23-b12] A value of 100 is the peak popularity for the term, while a score of 0 means there were not enough data for this term.

We then examined the lag correlations of the terms' search interests with COVID-19 daily new cases and deaths as described before,[@ERHM-20-23-b7] whereas the lag time was defined as the difference between a data point's original corresponding time and the shifted one in the lag correlation study. The lag times of our interest were up to 20 days for daily new cases and 23 days for daily death, respectively. The terms with the top-3 correlation coefficients were used to build respective generalized linear models. Based on these models, we used the existing search interests to predict future COVID-19 daily new cases and new deaths in the USA, which would be compared with the prospectively collected data for assessing prediction accuracies.

All statistical analyses were carried out using Stata (version 15). The models' accuracies were assessed using Pearson's *r*. All *p* values were two-sided. Only a *p*\<0.05 was considered statistically significant.

Results {#s3}
=======

The Johns Hopkins data repository and 1-point-3-acres.com provided slightly different estimates of COVID-19 daily new cases and deaths in the USA, although they claimed to share data. The data of a given date from 1-point-3-acres.com dataset varied by the release dates. Considering the data inconsistency, we chose the John Hopkins' data for modelling, and the 1-point-3-acres.com data for a sensitivity study. There were 636,282 new cases and,325 deaths of COVID-19 reported in the USA from March 1 to April 15, 2020, with a crude mortality of 4.45%. The daily new cases peaked at 35,098 cases on April 10, 2020 and the daily deaths peaked at 2,494 on April 15, 2020.

Google Trends search-interests had a 2-day delay in reporting (*i.e.* a search on April 9 yielded data up to April 7). COVID-19 has a much lower search interest score than COVID ([Fig. 1](#ERHM-20-23-f1){ref-type="fig"}), and was excluded from additional analysis also owing to its close relationship with COVID. As reported before, the correlation coefficients of search terms changed with lag time ([Fig. 2](#ERHM-20-23-f2){ref-type="fig"}). Among the nine terms we searched, COVID, "COVID pneumonia" and "COVID heart" had the top-3 correlation coefficients for the correlation with daily incidence and new deaths ([Table 1](#ERHM-20-23-t1){ref-type="table"}). Our predicted COVID-19 daily new cases and new deaths would plateau for about 12 days ([Fig. 3](#ERHM-20-23-f3){ref-type="fig"}), suggesting a possible 12-day plateau of these epidemiologic parameters in the future.

![Trends in search-interest of COVID-19-related terms.\
The numbers represented the search-interest relative to the term of the highest search-interest in the USA from March 1 to April 7, 2020.](ERHM-20-23-g001){#ERHM-20-23-f1}

![Lag correlations between Google Trends search-interest of the terms "COVID," "COVID heart," "COVID pneumonia," and others, and the daily new cases and deaths of COVID-19 in the USA, March 1 to April 8, 2020.\
(a, c) The search terms with the highest Pearson's correlation coefficients for daily new cases and new deaths, respectively; (b, d) The rest of the search terms.](ERHM-20-23-g002){#ERHM-20-23-f2}

![Google Trends search-interest and the trends in COVID-19 daily new cases and new deaths in the USA, March 1 to April 15, 2020.\
(a--c) The search-interests of "COVID," "COVID heart," and "COVID pneumonia" in Google Trends were 12 to 13 days lagged from COVID-19 daily new cases/incidence (Pearson's *r* = 0.977, 0.982 and 0.973, respectively, *p* \< 0.001 for all). (d--f) The search interests of "COVID," "COVID heart," and "COVID pneumonia" in Google Trends were 19 to 20 days lagged from COVID-19 daily new deaths (Pearson's *r* = 0.967, 0.977 and 0.972, respectively, *p* \< 0.001 for all). Note, d12, d14 and d19 indicate the trend curves were shifted for 12, 14 and 19 days, respectively, to compensate for lag time. The 7-day follow-up with prospectively collected data showed no significant correlations of observed data with the predicted daily new cases using search interest of "COVID," "COVID heart," and "COVID pneumonia" search (*p* = 0.178, 0.480 and 0.094, respectively), or with predicted daily new deaths (*p* = 0.267, 0.222 and 0.841, respectively).](ERHM-20-23-g003){#ERHM-20-23-f3}

###### The search term of the top-3 correlation coefficients for correlations with COVID-19 daily incidence and deaths, March 1 to April 8, 2020

  Search term        Johns Hopkins Data Repository   1-point-3-acres.com                                                                        
  ------------------ ------------------------------- --------------------- --------- ---- ------- --------- ---- ------- --------- ---- ------- ---------
  COVID heart        12                              0.979                 \<0.001   19   0.970   \<0.001   12   0.982   \<0.001   19   0.977   \<0.001
  COVID pneumonia    14                              0.978                 \<0.001   19   0.958   \<0.001   12   0.977   \<0.001   19   0.967   \<0.001
  COVID              12                              0.978                 \<0.001   19   0.963   \<0.001   13   0.973   \<0.001   20   0.972   \<0.001
  Cough              19                              0.932                 \<0.001   20   0.923   \<0.001   19   0.935   \<0.001   20   0.945   \<0.001
  Coronavirus        19                              0.914                 \<0.001   23   0.905   \<0.001   19   0.909   \<0.001   22   0.925   \<0.001
  Pneumonia          19                              0.848                 \<0.001   22   0.854   \<0.001   19   0.832   \<0.001   22   0.897   \<0.001
  COVID diabetes     18                              0.821                 \<0.001   19   0.816   \<0.001   18   0.812   \<0.001   19   0.801   \<0.001
  SARS-CoV2          18                              0.814                 \<0.001   22   0.877   \<0.001   18   0.805   \<0.001   22   0.856   \<0.001
  High temperature   17                              0.681                 \<0.001   22   0.641   0.006     16   0.667   \<0.001   22   0.650   0.005

^a^The highest correlation coefficients among the correlation coefficients of a given search term by various lag times.

The sensitivity study using 1-point-3-acres' data revealed the correlation coefficients that were similar to those produced using Johns Hopkins' data ([Table 1](#ERHM-20-23-t1){ref-type="table"}). The 7-day follow-up with prospectively collected data showed no significant correlations of the observed data with the predicted daily new cases using search-interest of COVID, COVID heart and COVID pneumonia (*p* = 0.178, 0.480 and 0.094, respectively) nor with the predicted daily new deaths using search interest of COVID, COVID heart and COVID pneumonia (*p* = 0.267, 0.222 and 0.841, respectively).

Discussion {#s4}
==========

This population-based study shows that there were 636,282 new cases and,325 deaths of COVID-19 reported in the USA from March 1 to April 15, 2020. It also shows that the search-interest of COVID, COVID pneumonia, and COVID heart were highly correlated with COVID-19 daily new cases and new deaths, with a delay of 12 days and 19 days, respectively. However, the prediction accuracies of these models appeared low during a 7-day follow-up.

To our knowledge, this study provided, for the first time, evidence that search-interest pertinent to COVID-19 is highly correlated with the trends in COVID-19 daily new cases and new deaths in the USA. The approximately 7 days of difference in lag time between daily new cases and deaths suggest the possibility of a 7-day interval between COVID-19 diagnosis and death in some patients. Additional studies are warranted to investigate this hypothesis. The findings of our study enable us to model daily new cases and deaths in the USA during the early phase (March 1 to April 8) of the COVID-19 outbreak and may greatly help prevent and prepare for any upcoming pandemic and burdens of COVID-19 in the future.

The 12 days of lag time in the USA, as shown by us, was longer than the previously reported 9 days in China.[@ERHM-20-23-b7] Several factors may contribute to this difference but should be subject to additional studies. First, there was a significant delay in testing for COVID-19 in the USA,[@ERHM-20-23-b14] which might subsequently lead to longer lag time between the trends of search-interest and daily incidence. Second, the U.S. Centers for Disease Control and Prevention (CDC) recommended a priority-based testing strategy and allowed for not testing some subjects considered low-priority when the COVID-19 tests are short in supply.[@ERHM-20-23-b15] The criteria for testing COVID-19 in the USA, therefore, were different from those in China and Europe, where the WHO criteria were adopted.[@ERHM-20-23-b16]--[@ERHM-20-23-b18] Thus, the patients, who met the WHO criteria, may not be tested and subsequently not included in the daily incidence in the USA; this could lead to underreporting of daily incidence. Third, the biological and socioeconomic differences between the USA and Chinese patients may also contribute to the difference. Finally, the prevalent COVID-19 subtypes in the USA may also be different from those in China and result in different lag times.[@ERHM-20-23-b19]

This study provides several lines of valuable evidence. First, COVID-19 daily new deaths in the USA are poorly understood, and are here described and studied using a semiparametric model. Second, we extensively examined nine COVID-19-related search terms, which are more than the two used in a previous study.[@ERHM-20-23-b7] Our data also suggest that pneumonia and heart problems were highly relevant to the daily new cases and deaths in the USA. This finding may be explained by the frequent pneumonia and cardiac injuries seen in COVID-19 patients.[@ERHM-20-23-b20],[@ERHM-20-23-b21] Third, the lag time in our study was longer than that previously reported in China (12 days vs. 9 days). However, the 12 and 19 days of lag time also afforded us the opportunity to assess a model's prediction accuracy for a longer period of future trends. Fourth, the comparison of predicted values and prospectively collected data will significantly reduce the recall and selection biases.

We will continue updating the models' accuracies as more data become available (see <https://github.com/thezhanglab/COVID-US-google>). Indeed, we found very high correlation in retrospective modelling but low accuracy in prediction, suggesting that the search-interest based model may be more helpful in predicting daily-incidence peak or early outbreak than post-peak or post-intervention trends. The unexpected low accuracy of model prediction was due to significant attenuation of trend plateau. It may be linked to the April 3 recommendation of wearing masks by the U.S. CDC,[@ERHM-20-23-b22] which was 5 days before our model's peak time and matched the COVID19's median incubation time of 5 days.[@ERHM-20-23-b20] Finally, to our knowledge, we are first to examine the correlations of search interest with the COVID-19 daily new cases and deaths in the USA and show greater correlations (Pearson's *r* \> 0.97) than reported in the Chinese data.[@ERHM-20-23-b7]

This study is limited by the retrospective nature of the modeling part and may have some related biases. Moreover, due to the different testing strategies and criteria used in the USA and other countries,[@ERHM-20-23-b15]--[@ERHM-20-23-b18] the comparison of our findings to those of other countries should be interpreted with caution. Finally, the data from Johns Hopkins' data repository was not independently validated or authenticated. However, our sensitivity study using the 1-point-3-acres' data confirms a similar correlation of search-interest with COVID-19 daily new cases and deaths in the USA.

Future directions {#s5}
=================

Despite the high correlation coefficients in retrospective study/modeling, the prediction-models based on the search-interest trend reached low accuracies during a 7-day follow-up. Additional studies are warranted to understand and improve these models. Why the prediction model failed should also be examined. The April 3 CDC recommendation of more indications for mask-use might be one of the reasons. Finally, the factors linked to and the epidemiological significance of lag time revealed by this study should also be further explored.

Conclusions {#s6}
===========

This population-based observational study shows that search terms related to COVID-19 are highly correlated with the trends in daily new cases and new deaths of COVID-19 in the USA. Therefore, an internet search-interest based model may be used to predict development and peak-time of COVID-19 outbreak.

The data will be regularly updated at <https://github.com/thezhanglab/COVID-US-google>, as new prospectively collected incidence data become available.
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